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13C labeled peptideTwo modiﬁcations of the Tyr-D-Ala-Phe-Gly tetrapeptide with different C-terminal groups (Tyr-D-Ala-
Phe-Gly-OH 1 and Tyr-D-Ala-Phe-Gly-NH2 2) were investigated by various nuclear magnetic resonance se-
quences under magic angle spinning. The structural constraints obtained from the magic angle spinning nu-
clear magnetic resonance measurements suggest that both peptides are aligned on the surface of the
membrane and that the sandwich-like π-CH3-π arrangement of the pharmacophore is preserved. The inﬂu-
ence of the chemical modiﬁcation of the C-terminal residue of 1 and 2 on their interaction with phosphate
group of the phospholipid in the subgel phase Lc and the conformation of the peptides in the liquid crystalline
phase Lα are discussed. The correlation between the X-ray structure of 1 in the solid state and 1 embedded
into a membrane in the Lc phase is presented on the basis of the comparative analysis of the two‐dimensional
13C–13C dipolar-assisted rotational resonance cross-peaks and the 13C isotropic chemical shifts.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Peptides represent an important class of natural products that are
responsible for a number of vital processes (e.g., metabolism regula-
tion, signal transduction, inhibition of the growth of microorganisms)
[1]. In the family of small peptides, neuropeptides play a special role.
They are involved in the perception of pain and the modulation of be-
havior and neuroendocrine function [2]. They exert their actions by
binding with G-protein-coupled receptors (GPCR) [3]. The metabolic
pathway of neuropeptides with a ﬁnal stage that involves peptide–
GPCR binding is preceded by embedding the peptide into the phos-
pholipid membrane. It has been suggested that neuropeptides that
interact with membranes undergo conformational changes to make
them suitable for receptor binding [4]. The role of membranes as cat-
alysts for peptide–receptor binding has been proposed [5]. Because of
this assumption, it is often assumed that the conformation of a pep-
tide bonded to a receptor is identical or similar to the conformation
of those found in the membrane. In many cases, this hypothesis is dif-
ﬁcult to validate because of the poor quality of the data deposited in
databanks for small molecule structures bonded to proteins (recep-
tors). This problem was recently reported by Minor and coworkers
[6], who stated that the quality of the structures of small molecules
in the Protein Data Bank (PDB) varies widely as a consequence of
the difﬁculty of identifying and positioning ligands in medium or
low resolution macromolecular crystal structures and the immaturity
of the available validation tools. In conclusion, the databank shouldebowski).
rights reserved.not be considered a reliable repository of structural information
about these molecules.
Another challenging problem is the correlation between the single
crystal X-ray structure of a neuropeptide (if available) and the bioac-
tive conformation forced by its interaction with the membrane. In the
ﬁrst approximation, it is usually assumed that the X-ray structure for
the pure ligand and the ligand embedded into a membrane are simi-
lar. However, the solid-state structures of ﬂexible molecules may not
reﬂect the conformational tendencies of isolated molecules because
the lattice forces are not negligible [7]. The biological signiﬁcance of
the solid-state structures is difﬁcult to assess, not only because of
the inﬂuence of crystal packing on the conformation, but also because
the lattice is distinct from any of the biological environments in
which the peptide can be found. Furthermore, the formation of poly-
morphs greatly complicates the choice of the “true” bioactive confor-
mation of a ligand. There are few such examples among opioid
peptides. Enkephalin is a typical case that exists in three different
conformations in the solid state: extended, single bend and double
bend [8].
A number of experimental techniques can be applied for structural
studies of peptides, peptide–protein binding and peptide–membrane
interactions. In our project, we present the power of NMR spectrosco-
py, a technique that can be used to elucidate molecular constraints at
atomic resolution for peptides [9] and peptide–phospholipid systems
over a broad range of temperatures in both the solid and liquid phases
[10]. Therefore, this technique can be considered a bridge between
X-ray data and NMR constraints.
The aim of our project is the development of a magic angle spin-
ning (MAS) NMR methodology that enables the comparative analysis
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peptides that are bonded with phospholipids, as well as the further
alignment of peptides that interact with membranes and the geomet-
ric analysis of pharmacophores in a physiological environment. As a
model sample, we employed the tetrapeptide Tyr-D-Ala-Phe-Gly (an
N-terminal sequence of dermorphin) in carboxylic form (1) and in
amide form (2) (Scheme 1). According to our long-standing experi-
ence with structural studies of short sequences of dermorphin in
the solid state, the presence of a carboxyl group facilitates the crystal-
lization of peptides [11–13]. A similar observation was reported for
another important opioid tetrapeptide, endomorphin-2 [14]. Unfortu-
nately, we have not been successful in crystallizing the amide deriva-
tives of dermorphin. For advanced NMR experiments in this project,
we have used the 13C enriched peptides shown in Scheme 1, includ-
ing uniformly 13C enriched (1b), selectively labeled 13C in the carbox-
yl group (C40(O)O) (1c) and selectively labeled 13C in the carbonyl
group (C40(O)NH2) (2b).
2. Experimental
2.1. Materials
Dimyristoylphosphocholine (DMPC) and dimyristoyl-phosphoglycerol
(DMPG) were purchased from Avanti Polar Lipids and used without
further puriﬁcation. Deuterium oxide (D2O; 99.8%) was purchased
from Armar Chemicals. Solvents chloroform and 2,2,2 triﬂuoroethanol
(TFE) were obtained from Sigma-Aldrich.
The tetrapeptides 1a and 1b were produced in our laboratory
[11,12] by solution methods using N-Boc-protected amino acids and
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetraﬂuoro-borate
(TBTU) as coupling reagent [15]. All substrates were purchased from
Sigma-Aldrich.
The tetrapeptides 1c, 2a and 2b were synthesized in Lipopharm
(Poland). Purity of the obtained compounds was >98%.
2.2. Sample preparation
The model lipid system with tetrapeptides was made under the
revised procedures described in the literature [16,17].
The samples containing DMPC (34mg) and DMPG (10mg) were
prepared by co-dissolving the lipids in chloroform with small
amounts of TFE (if necessary), drying them under a ﬂow of
argon gas and removing any residual organic solvent by placing
the sample under vacuum for 2h. To obtained dried lipids the so-
lution of 2mg peptides in 2mL buffer (30mM NaCl and 20mM
HEPES, pH 7) was added. The sample was vortexed and freeze–
thawed, sonicated and then centrifuged. The formed pelleted mul-
tilayers were separated from the solution and lyophilized to form a
ﬂuffy powder.Scheme 1. Molecular structure with numbering system of Tyr-D-Ala-Phe-Gly in
variable forms.The molar ratio of DMPC to DMPGwas 10:3, and the molar ratio of
total lipid to peptide was ca. 15:1.
For NMR experiments, the lyophilized material was placed in a
4-mm sample rotor and rehydrated with D2O (0.015mL). The NMR
rotor containing the sample was heated to 40°C and cooled in bath
with dry ice in acetone. The heating and cooling were repeated until
the sample was homogeneous.
2.3. Solid-state NMR measurements
The solid-state magic angle spinning (MAS) experiments were per-
formed on a Bruker Avance III 400 spectrometer at the 1H, 31P and 13C
resonance frequencies of 400.152, 161.984 and 100.627MHz, respec-
tively. A MAS probe-head was used with 4mm ZrO2 rotors. Glycine
was used as a secondary chemical shift reference at δ=176.04ppm
from the external TMS [18].
The 13C CP/MAS (cross polarization magic angle spinning) [19]
spectra were recorded with a proton 90° pulse length of 4μs and a
contact time of 2ms. The repetition delay was 5s, and the spectral
width was 25kHz. In typical CP/MAS experiment the spinning rate
of samples was 10kHz and 1k transients were acquired. The FIDs
were accumulated using a time domain size of 2K data points. A
RAMP shaped pulse [20] was used during the cross-polarization and
TPPM decoupling [21]. The spectral data were processed using the
TOPSPIN program [22].
2.4. 1H–1H RFDR (RF-driven recoupling) experiment
The 2D 1H–1H RFDR spectra [23] were recorded at a spinning rate
of 10kHz and a proton 90° pulse length of 3μs. The repetition delay
was 5s, and the spectral width was 5kHz. The FIDs were accumulated
using a time domain size of 2K data points, and 256 slices were used
in the t1 dimension. The mixing time was set to 200ms with a
strength of 83kHz. The temperature of the sample was maintained
at 38°C by a temperature controller.
2.5. 13C–13C DARR (dipolar-assisted rotational resonance)
The 2D 13C–13C DARR spectra [24] were recorded at a spinning
rate of 10kHz and a proton 90° pulse length of 4.5μs. The repetition
delay was 5s, and the spectral width was 20kHz. The FIDs were accu-
mulated using a time domain size of 2K data points, and 256 slices
were used in the t1 dimension. The mixing time was set to 64ms
with a strength of 20kHz. The temperature of the sample was
maintained at 3°C by a temperature controller.
2.6. 13C–13C INADEQUATE (incredible natural abundance double
quantum transfer experiment)
The 2D 13C–13C INADEQUATE spectra were measured using a
1H/13C/31P HR-MAS probe-head with a 2H lock channel and a spin-
ning rate of 6kHz. The repetition delay was 3s, and the spectral width
was20kHz. The FIDswere accumulatedusing a time domain size of 16K
data points, and 40 slices were used in the t1 dimension. The experi-
ment was optimized for J=120Hz (see Supplementary Material). The
temperature of the sample was maintained at 37°C by a temperature
controller.
2.7. 13C–31P REDOR (rotational echo double resonance) measurement
The 13C–31P REDOR spectra [25]were recorded on a triple-resonance
probe-head with a MAS frequency of 10,000±2Hz. The temperature of
the sample was maintained at 3°C by a temperature controller. The
spectral width was 25kHz. Typically, the π/2 pulse width for 1H was
5μs, and theπ pulsewidths for 13C and 31Pwere 12.5 and 11.2μs, respec-
tively. The contact time for cross-polarization transferwas set to be 2ms.
Fig. 1. A) Molecular structures of 1with numbering system and indicated selected inter-
atomic distances. Conformation of 1 is taken from the X-ray data [28]. B) 13C–13C DARR
spectrum of crystalline sample 1a:1b (9:1).
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decoupling ﬁeld strength of 63.5kHz. The REDOR spectra were mea-
sured at 0, 1.6, 3.2, 4.8, 6.4, and 8.0ms dephasing times using xy-8
phase cycling for the 31P irradiations.
The normalized REDOR intensities (S/S0) were obtained by divid-
ing the peak intensities of the REDOR (S) and full-echo spectra (S0).
These REDOR factors were plotted against the dephasing time to ﬁt
the theoretically obtained curves in order to determine the 31P–13C
interatomic distances.
2.8. REDOR simulations
Simulations were carried out with the SPINEVOLUTION [26] spin
dynamics program. The REDOR simulation was performed using two
spin system (13C, 31P). The chemical shifts of the signals and offsets
were taken from the CP/MAS and REDOR experiments, respectively.
The CSA parameters were not considered. The powder averaging
was accomplished using 1680 orientations (168 [αMR, βMR]-
pairs×10 γMR-angles). The 168 [αMR, βMR]-pairs, which relate the
molecular and rotor frames, were selected according to the
REPULSION algorithm [27].
3. Results and discussion
3.1. X-ray and 13C solid state MAS NMR study of Tyr-D-Ala-Phe-Gly
The X-ray crystal and molecular structures of tetrapeptide 1 were
published in our previous paper [28]. The asymmetric unit contains
one tetrapeptide molecule and two molecules of water. The peptide
molecule has the zwitterion character, the N-terminal amino group
is protonated, and the C-terminal carboxylic group is deprotonated.
The overall shape of the main tetrapeptide chain is similar to the let-
ter C. The N and C terminus groups interact with a disordered water
molecule. The molecular structure of Tyr-D-Ala-Phe-Gly with selected
structural restraints is shown in Fig. 1A. It is assumed that the unusual
pseudo-cyclic conformation of the sample is forced by the presence of
water, which keeps the ends of tetrapeptide in close contact via hy-
drogen bonding. The question of whether the change of environment
from the solid phase to the phospholipid membrane inﬂuences the
change of the conformation of 1 remains. NMR spectroscopy was se-
lected as the technique to answer this question.
The preliminary 13C CP/MAS data and the full assignment of the
spectra have been previously reported [25]. To obtain the structural
constraints that will be used for the comparative analysis of 1 in the
crystal lattice and embedded into the phospholipid layers, we have
carried out homonuclear 13C–13C 2D NMR experiments. Fig. 1B
shows the 13C–13C DARR correlation for sample 1b diluted 1:9 with
1a. DARR [24,29], PDSD (proton driven spin diffusion) [30] and RAD
(RF-assisted diffusion) [31] belong to a group of experiments based
on homonuclear spin-diffusion recoupling methods. Ramamoorthy
and coworkers have recently showed that the PDSD is basically a sub-
set of the CRDSD (cross relaxation driven spin diffusion) experiment
[32]. These techniques are ubiquitously used in the structural analysis
of peptides and proteins at moderate MAS frequencies (10–20kHz)
for both resonance assignment and the derivation of long-range dis-
tance constraints. The 1H RF ﬁeld strength (ω1H) for DARR irradiation
is given by ω1H=nωr (where ωr is the sample spinning rate), satisfy-
ing the rotary resonance matching condition and generating a
broad-band rotational resonance recoupling. During the mixing
time, the homonuclear 13C polarization transfer is driven by the
reintroduced 1H–13C and 1H–1H dipolar couplings, and the transfer
efﬁciency for the coupled 13C spins is less dependent on the MAS fre-
quency than in the conventional PDSD experiment. Fig. 1B shows a
DARR spectrum that was recorded with a spinning rate of 10kHz,
ω1H equal to 20kHz and a mixing time of 64ms.From the analysis of the cross-peaks, the short-range and
long-range distance constraints can be established. The correlation
peaks are labeled in the plot. In particular, the interaction between
the methyl group of alanine (C22) and the aromatic ring carbons in
the pharmacophore part of the peptide should be noted.
3.2. 13C NMR MAS study of Tyr-D-Ala-Phe-Gly embedded into
phospholipid DMPC:DMPG layers
The next part of the project concerns the comparative analysis of
the conformation of 1 in the crystal lattice and in the membrane. To
prepare a model membrane, we used a mixture of two phospholipids:
DMPC:DMPG (see Fig. 2) with a molar ratio of 10:3.
The net membrane surface charge for this combination is compa-
rable to that of the cytoplasmic leaﬂet of typical mammalian plasma
membranes [16]. The mixture of these lipids does not phase separate
[33]. DMPC and DMPG are known to form a lamellar liquid-crystalline
(Lα) phase at 24°C and two lamellar gel phases (the planar gel Lβ′ and
the rippled gel Pβ′) separated by a pretransition at 15°C [34]. In 1980,
Chen et al. demonstrated that the prolonged incubation of PCs with
16–18 carbon hydrocarbon chains at a temperature of 0°C caused
the slow conversion of the planar (Lβ) gel phase to the so-called
subgel (Lc) phase [35]. A similar behavior was reported for DMPC. In
the context of NMR, this effect means that the Lα phase behaves as
Fig. 3. 13C CP/MAS spectra of fully 13C labeled sample 1b embedded into lipid membrane, m
temperature 38°C.
Fig. 2.Molecular structures of DMPC (A) and DMPG (B) with numbering system on the
DMPC structure. For membrane NMR resonances, we have used the index m combined
with the number of the phospholipid group in order to distinguish the peptide and
phospholipid signals.
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and coworkers were the ﬁrst investigators who fully recognized that
the high resolution spectra of lipid membranes could be obtained
using MAS [36]. In the cited paper, attention was paid to proton
MAS NMR spectroscopy. More recently, several groups have extended
this methodology to the study of the 13C NMR spectra of peptides
bound to membranes [37].
Fig. 3 shows the 13C MAS spectra of the fully 13C-labeled sample
(1b) embedded into a lipid membrane with a peptide:lipid molar
ratio of 1:15. For the peptide with a natural abundance of the 13C iso-
tope, the NMR resonances of 1were below the detection limit. The 13C
NMR spectrum shown in Fig. 3A was recorded by employing a
cross-polarization (CP) MAS sequence at 3°C with a typical solid
state methodology and a spinning rate of 10kHz. The aromatic reso-
nances of 1b can be ambiguously assigned. Unfortunately, the analysis
of the aliphatic part of the spectrum and assignment of the peaks are
more complicated because of the overlap of the 13C signals of the pep-
tide and the lipids. In particular, the peak representing the methylene
carbons of the lipids (C9m, which is reduced to 1/4 height in Fig. 3A)
dominates. The results shown here clearly prove that the Lc phase be-
haves as a true solid, which is further conﬁrmed by the CP buildup
curve. The 13C CP/MAS proﬁle of sample 1b embedded into lipidmem-
brane at temperature 3°C is attached as a Supplementary Material.
At a temperature of 20°C, the CP/MAS sequence did not work
(Fig. 3B). At this temperature, membrane lipids exhibit a high degree
of rotational and segmental motion; consequently, the proton–carbon
dipolar coupling is averaged. As a result, the cross-polarization is not
effective. At higher temperatures (phase Lα), the 13C NMR spectra can
be detected by employing single pulse (SP) detection with protoneasured at temperatures: A) 3°C and B) 20°C, C) 13C SP/MAS spectrum recorded at the
Table 1
13C isotropic values of chemical shifts for 1b embedded A) into membrane at 3 °C
(Lc phase), B) into membrane at 38°C (Lα phase) and C) in the crystal lattice.
13C δiso (ppm)
A B C
22 17.6 17.1 17.8
12 36.6 35.0 35.8
32 36.6 36.6 37.0
41 43.6 41.5 44.4
21 46.8 48.8 47.4
31 54.2 54.0 53.5
11 54.2 54.7 54.8
15 114.8–116.9 115.8 114.4
17 114.8–116.9 115.8 117.7
13 126.5–131.5 128.3–132.0 125.3
35/36/37 126.5–131.5 128.3–132.0 127.2
14 126.5–131.5 128.3–132.0 129.7
18 126.5–131.5 128.3–132.0 130.9
34/38 126.5–131.5 128.3–132.0 130.9
33 126.5–131.5 137.4 136.6
16 156.2 155.8 155.8
30 169.6 168.8 171.5
10 170.2 168.4 168.9
20 171.8 168.8 171.5
40 174.3 173.0 175.2
Fig. 4. 13C–13C DARR spectrum of 1b:DMPC:DMPG recorded with a spinning rate of
10kHz, ω1H equal to 20kHz and a mixing time of 64ms at a temperature of 3°C. Aster-
isk indicates diagonal signal of C-16 enlarged ﬁve times.
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temperature of 38°C. As in the case of Fig. 3A, the aromatic part of
the spectrum can be assigned, and the aliphatic signals of the peptide
are overlapped by the lipid peaks.
The apparent dependence of the phospholipid phases on the tem-
perature permitted us to apply the 2D solid state NMR methodology
to assign the structural constraints of peptide 1b embedded in the
membrane. Fig. 4 shows the DARR spectrum recorded at a spinning
rate of 10kHz, ω1H equal to 20kHz and a mixing time of 64ms at a
temperature of 3°C. The experimental parameters are exactly the
same as those applied for the analysis of the powdered sample of
1b. From this measurement, it is clear that the application of the 2D
approach allows the unambiguous assignment of the 1b resonancesFig. 5. A) 2D INADEQUATE MAS spectrum of 1b:DMPC:DMPG recorded with a spinning ratethat are overlapped by the membrane signals in the aliphatic part of
the spectrum. As in the case of the crystal structure of 1, the correla-
tion between the C22methyl group and the aromatic residues of Tyr/Phe
is seen. Moreover, the 13C isotropic values of the chemical shifts for 1b
embedded in the membrane and in the crystal lattice are similar. The ex-
perimental data are collected in Table 1.
3.3. NMR study of Lα phase of phospholipid DMPC:DMPGmembrane with
embedded Tyr-D-Ala-Phe-Gly
As we proved in the previous section, the solid state NMRmethodol-
ogy cannot be applied at a temperature of 38°C (liquid crystalline Lα
phase). By testing different NMR techniques, we have found that the 2D
INADEQUATE MAS experiment is diagnostic and that it allows the spec-
tral assignment of fully labeled peptide 1b embedded in a membrane.of 6kHz, B) 13C spectrum at 38°C, C) 1D projection of 2D INADEQUATE MAS spectrum.
Fig. 6. 1H MAS NMR spectra of A) 1a:DMPC:DMPG and B) 2a:DMPC:DMPG recorded
with a spinning rate of 8kHz.
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The optimal value of the J-coupling for the 2D correlation was
established experimentally by employing fully 13C-labeled methyl ester
of phenylalanine embedded into DMPC:DMPG (see Supplementary
Material) as a model sample. The best performance of INADEQUATE
MAS experiment was achieved for J equal to 120Hz. This value is signif-
icantly larger than the value for true 13C–13C J-coupling, which is in the
range of 30–50Hz. The DQ ﬁlter perfectly selects the resonances that
represent the peptide and the membrane. Fig. 5B shows the 13C MAS
spectrum of sample 1b in DMPC:DMPG, and Fig. 5C shows the
INADEQUATE F2 projection taken from the 2D experiment. From the
comparative analysis of these two spectra, the 13C chemical shifts of
the hidden 1b aliphatic signals can be unambiguously assigned. FromFig. 7. 2D 1H–1H MAS RFDR NOESY spectra recorded for A) 1a:DMPC:DMPG and B) 2a:DMP
time was 200ms.this spectrum, it can be seen that the aromatic signals representing
tyrosine are averaged in the Lα phase, which suggests molecular
motion of the ring that is fast in the NMR time scale. The excellent
resolution of the INADEQUATE peaks with the clearly seen J-coupling
is noteworthy; however, this experiment was carried out with an
HR MAS probehead and deuterium spin locking for magnetic ﬁeld
stabilization.
In our project, we were also prompted to determine the degree to
which proton MAS NMR spectroscopy in the Lα phase is diagnostic
for the study of analogs of dermorphin and what inﬂuence is exerted
by the modiﬁcation of the C-terminal end (OH versus NH2 group) on
the interaction and alignment of the peptide in the membrane. To an-
swer these questions, we have employed two models: sample 1a and
sample 2a.
Fig. 6 displays the 1H MAS spectra of 1a:DMPC:DMPG (Fig. 6A)
and 2a:DMPC:DMPG (Fig. 6B), which were recorded at a spinning
rate of 8kHz. The intensity of the phospholipid methylene C2m pro-
ton signals was cut in half. As in the case of the 13C measurements
at the natural abundance of all components (peptide and phospho-
lipids), the 1H signals coming from the membrane were much more
intense than the signals from the peptide. The aromatic signals rep-
resenting the peptides were separated from the membrane reso-
nances; unfortunately, these signals were very weak. The insets
show the aromatic parts of the spectra enhanced 16 times. It is clear
that the signals representing the Phe and Tyr amino acids are
well-resolved. This observation suggests the attractive possibility of
applying more advanced methodologies for analysis of the peptide–
membrane interactions.
The most commonly employed approach is based on the analysis
of the 1H nuclear Overhauser enhancement (NOE), which is mea-
sured in the two-dimensional mode. This methodology is used to es-
tablish through-space contacts, and it has been applied to biological
membranes under magic angle spinning (MAS) conditions to deter-
mine the location of bound peptides [38]. Recently, Smith and co-
workers have reported RFDR pulses during the mixing time in a 1H
MAS NOESY experiment [23,39]. They proved that the 1H MAS RFDR
experiment provided signiﬁcantly faster magnetization exchange
than the standard 1H MAS NOESY experiment.C:DMPG samples with a spinning rate of 10kHz and a temperature of 38°C. The mixing
Fig. 8. REDOR spectra of 1c in DMPC:DMPG recorded at a temperature of 3°C with a
spinning rate of 10kHz and dephasing times equal to 0ms (A), 3.2ms (B) and 6.4ms
(C). Simulated curves ﬁtted to experimental points for 1c and 2b (D) employing
SPINEVOLUTION program.
2585A. Jeziorna et al. / Biochimica et Biophysica Acta 1818 (2012) 2579–2587Fig. 7 shows the 2D 1H MAS RFDR spectra recorded for both sam-
ples with a spinning rate of 10kHz and a temperature of 38°C. The
correlation peaks representing the aromatic parts of the peptides
are shown in red. From the inspection of the cross-peaks, it can be
concluded that the peptides are aligned on the surface of the hydro-
philic part of the membrane (see the strong interactions of tyrosine
protons with choline). Interestingly, the aromatic signals of sample
2a are correlated with the protons of the methyl groups. The intensity
of the cross-peaks produced by the Phe residue is stronger than
that of Tyr. We assume that this correlation represents an
intra-molecular interaction with the contribution of the C22 protons
of the methyl group of alanine, rather than an interaction with the
C1 methyl group of the membrane, which is deeply hidden in the hy-
drophobic zone of the membrane. Unfortunately, there is no strong
evidence that the C22 protons occupy exactly this position. In an-3
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Fig. 9. Plot of Δδiso=δiso(cryst.)−δiso(Lc) (green) and Δδisoattempt to solve this problem, we have carried out 1H–13C HSQC MAS
correlation. The relevant spectrum is attached as a Supplementary
Material. From the cross-peak analysis, it is clear that the proton chemi-
cal shifts for the C22 group of the peptide and the C1 group of the phos-
pholipid are similar.3.4. Analysis of 13C⋯31P distances in the Lc phase of phospholipid DMPC:
DMPG membrane with embedded Tyr-D-Ala-Phe-Gly by means of
REDOR experiment
The results showing a distinct peptide–membrane interaction for
1a and 2a related with the small chemical modiﬁcation of the C-end
of the peptide prompted us to perform more advanced NMR studies.
Our strategy to investigate the interaction between the derivatives of
1, 2 and the phospholipid membrane was based on measurements of
the 13C–31P intermolecular dipolar coupling between the peptides
and the phosphate residue with rotational echo double resonance
(REDOR) experiments [25]. In the original REDOR pulse sequence,
the Hahn echo is used to refocus the undesirable evolutions of the ob-
served nuclei during the dephasing time before acquisition [40,41].
While chemical shifts and heteronuclear J coupling are refocused by
the Hahn echo, the homonuclear J coupling is not refocused. The ac-
tive coupling causes phase modulation in the REDOR spectra. We
found that this effect greatly complicates the analysis of the fully la-
beled model 1e embedded in the membrane. Schaefer's group and
others have reported modiﬁed REDOR sequences that are applicable
to homonuclear J-coupled spin systems [42]. Among these sequences,
REDOR for X clusters (RDX) was found to be most suitable because
this experiment can refocus the homonuclear interactions of all sig-
nals without any heterogeneity effects in the spin networks of the ob-
served nuclei. However, as revealed by Murata and coworkers, this
strategy provides only semi-quantitative information in the case of
fully labeled species embedded in the membrane [17]. Remembering
this limitation for further quantitative analysis of the 13C–31P dis-
tances, we employed selectively labeled samples 1c and 2b. Fig. 8
shows the REDOR spectra of 1c in DMPC:DMPG recorded at a temper-
ature of 3°C with a spinning rate of 10kHz and dephasing times equal
to 0ms (A), 3.2ms (B) and 6.4ms (C). The 13C–31P interatomic dis-
tance was obtained from the differences between the full echo and
13C–31P REDOR spectra as a function of the NcTr values. The decay of
the carbonyl signal intensity C(40) is apparent. A similar measure-
ment was carried out for sample 2b.
The analysis of the S/S0 curves for both samples shows signiﬁcant-
ly different decays for 1c and 2b. Employing the SPINEVOLUTION
program, we ﬁtted theoretical curves that were calculated using
the effect of the ﬁnite pulse length to accurately obtain the inter-
atomic distances. The ﬁtting procedure revealed that the distances
between 31P-DMPC and 13C(40) in 1c and 1d are 4.0±0.1Å and
4.7±0.2Å, respectively.-21 C-31 C-12 C-32 C-41 C-22
=δiso(Lc)−δiso(Lα) (blue) for main skeleton carbons.
Fig. 10. Alignment of peptides 1c (A) and 2b (B) on the surface of the membrane with labeled structural constraints established by NMR spectroscopy. The red lines represent the
constraints obtained from the measurement of the Lc phase, and blue lines correspond to the Lα phase.
2586 A. Jeziorna et al. / Biochimica et Biophysica Acta 1818 (2012) 2579–25873.5. The molecular aspects of Tyr-D-Ala-Phe-Gly interacting with
phospholipid membranes on the basis of NMR
In this work, we have applied a large palette of NMR techniques to
extract the structural constraints that provide information about the
alignment and conformation of peptides interacting with mem-
branes. In the ﬁrst approach, we employed a comparative analysis
of the isotropic values of the 13C chemical shifts taken from 1D and
2D NMR experiments for powdered peptide and peptide embedded
into a membrane in both the Lc and Lα phases.
Fig. 9 shows a pictorial representation of the changes of 13C δiso for
different groups of signals, where 1 represents the main skeleton of
the peptide. The plot bars represent Δδ=δiso(solid)−δiso(Lc) and Δδ=
δiso(Lc)−δiso(Lα). For the former relationship (green bars), the greatest
differences are found in the region of the carbonyl carbons. For the
N-terminal end of 1, Δδ is negative (C10 and C20 residues), but it is
positive for the C-terminal end. The differences are below±2ppm.
Among the different possible mechanisms that can cause changes in
chemical shifts, we favor the explanation that assumes that downﬁeld
shifting of the C10 and C20 carbons is related to the strong contribu-
tion of hydrogen bonding with water molecules. This explanation
means that this part of the skeleton is aligned in the hydrophilic
zone. Analysis of the temperature dependence of 13C δiso, represented
by the blue bar (Δδiso=δiso(Lc)−δiso(Lα)), clearly shows that the
temperature factor has an even larger inﬂuence on the chemical shifts
than the change of phase from solid to membrane.
The 13C–13C DARR experiments for 1 in the solid state and 1 em-
bedded in the membrane show important long range correlations
that allow the topology of the pharmacophore to be established. The
cross-peaks between the aromatic rings and the methyl groups of
Ala conﬁrm the sandwich-like π-CH3-π geometry of the signal se-
quence of the peptide in the crystal lattice and in the Lc phase. Sur-
prisingly, the appropriate cross-peaks are not seen in the 1H–1H
RFDR MAS NOESY experiment carried out for the Lα phase. This phe-
nomenon can be attributed to two explanations. The ﬁrst explanation
assumes that 1 undergoes a conformational change at a higher tem-
perature (38°C), and the second assumes that the proton–proton di-
polar interactions are reduced by the fast molecular motion of the
aromatic groups, as is concluded from the 13C NMR measurement
(see Fig. 3C). Unexpectedly clear cross-peaks between the aromatic
rings and the C22 methyl groups are seen for sample 2. We supposethat the molecular dynamics of sample 2 embedded into the mem-
brane in the Lα phase are similar to those observed for 1; consequent-
ly, we expect that the lack of correlation for 1 is caused by the change
of conformation of the peptide with the phase transition.
The REDOR experiment further proved the distinction between 1
and 2. In the Lc phase, the distances between the phosphoryl group
of the phosholipid and the peptide terminal carbonyl groups (C40)
for both derivatives are different. The attraction forces between the
C(O)OH and (RO)2P(O)OH residues are stronger than that for C(O)
NH2. These interactions can inﬂuence the geometry of the signalizing
sequence of the peptide. In summary, we conclude that peptides are
aligned on the surface of the membrane with a short contact between
the choline residue of the membrane and the aromatic groups of the
message domain of the peptide. The C-terminal carbonyl groups of 1
and 2 are relatively close to the phosphoryl head; however, the dis-
tance is different. These constraints are illustrated in Fig. 10.4. Conclusions
In this project, we have investigated tetrapeptides whose
sequence contains the message domain (Tyr-D-Ala-Phe) of the
important opioid peptides dermorphin and delthorphins I and II.
By testing different NMR techniques, we have proven that MAS ex-
periments can be used for the unambiguous assignment of spectral
parameters in various phases, starting from the solid phase and
transitioning through the subgel Lc phase to get the liquid crystal-
line Lα phase. Depending on the phase, different NMR sequences
were employed, and the same set of parameters (e.g., isotropic
chemical shifts) was ﬁnally obtained. This approach allows the
direct correlation of the conformational changes of a peptide during
the phase transitions.
Our study clearly proves that the functional groups bonded to the
terminal carbonyl residue have a signiﬁcant impact on the alignment
(and presumably the conformation) of pharmacophores. Natural opi-
oid peptides are usually amide terminated. Thus, information show-
ing that the geometry of the message domain is inﬂuenced by the
chemistry of the C-end can be useful in the design of chemically
modiﬁed opioids.
Supplementary data to this article can be found online at doi:10.
1016/j.bbamem.2012.06.013.
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